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ABSTRACT 

We have constructed recombinant human adenoYirnses that express wild-type human p53 under (he control of 
either the Ad 2 major late promoter {MLP) or (he human cytomegalovirus (CMV) immediate early gene 
promoter. Each construct replaces the Ad 5 Ela and Elb coding sequences necessary for vfral replication with 
die p53 cDNA and MLP or CMV promoter. These p53/Ad recombinants are able to express p53 protein hi a 
dose-dependent manner in infected huma n can cer ceus. Tumor suppressor activity of the expressed p53 
protein was assayed by several methods. [ 3 HJlnymidme incorporation assays showed that the recombinant 
adenoviruses were capable of Inhibiting DNA synthesis in a p53-specific, dosc^depenAtat fashion* Ex vho 
treatment of Saos-2 tumor cells, followed by injection of the treated cells into node mice, led to complete tumor 
suppression using the MLP/n53 recombinant* Following a single injection of CMV/p53 recombinant adenovi- 
rus into tbe peritumoral spacje surronrtding an in viro established tumor derived from a human small cell long 
carcinoma cell line (NIH-H69), we were able to detect p53 mRNA in the tumors at 2 and 7 days post*injection. 
Continued treatment of established H69 tumors with MLP/p53 recombinant led to reduced tumor growth and 
increased survival time compared to control treated animals, These results Indicate that rccombmant adenovi- 
ruses expressing wild-type pS3 may be useful vectors for gene therapy of human cancer* 
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G^^fl ► is the iiwrfrt ^fttn p*/*^ pffo ff hr 
(Boitektta!., 1991; HoO- 



stein et aL, 1991). hi its ptopo aed role as a "goanHaa of the 
genome" (Lane, 1992). me pS3 gene product functions as t 
iramaxpiional activator of odor gcocs which inhibit ceD cycle 
p i ug tea i on from G ( to 5 phase in normal cells, its levels rise 
and socsmoJate in response to DNA damage* leading either to 
Gi ancst and repair, temnoaj daTercntiatioo, or, if too much 
damage has occmred, apoptosis (Koerbdz et at. 1992; Lane. 
1992). Loss of wild-type p53 nmcnon is a sso ciated with the 
imcoptroBed growth of many types of bmnan cancers* The 
reexpiessioo of normal p53 in p53*lteitdojinarceUslsasbeeo 
demonstrated to suppress tumor growth (Chen et at. 1990; 
Cheng erat 1992; TafcahssfaJ et at, 1992) or induce apoptosis 
Qromsb-Roa&ch et at, 1991, Shaw et 1992). Therefom, 
p53 functions as a honor sup p KMot, restoring a nootamori- 
geoic phenorype to tumor ceBs in whfcb uw endogenous p53 

gene hna been rfrfetiMj mutlltrd. 
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Recent work has shown that human adenoviruses can be used 
to deliver genes successfully Imo a variety of cells and tissues 
(Leroaichand et at.. 1992; RosenfeJd et of.. 1992; Rich et al.> 
1993). Recombinant adenoviruses have several advantages 
over alternative gene delivery systems such a* icuuvims (RV) 
or adeno- associated vims (AAV>based vectors for the treat* 
meet of cancer. These include the ability to produce stable, 
high- titer virus capable of efficient infection and subsequent 
gene expression in target cells (for review, see Siegfried, 
1993). Because of the advantages of an adenovirus-based deliv- 
ery system over other systems for the potential gens therapy of 
cancer, we constructed recombinant adcnovinises encoding 
wild-type p53 under the control of the Ad 2 major Jate promoter 
(MLP) or the human cytornegalovirus (CMV) promoter. We 
have tested the ability of these constructs to suppress tumor 
growth both in vitro and in vivo. 



MATERIALS AND METHODS 

Cell tines 

Recombinant adenoviruses were grown and propagated in 
the human embryonal kidney cell line 293 (ATOC CRL 1573) 
maintained in DME medium containing 10% defined, supple- 
mented calf serum (Hyclone). Saos-2 cells were maintained in 
Kaighn*s media supplemented with 15% fetal calf serum. HeLa 
and Hep 3B cells were maimained in DME mcdrnm supple- 
mented with 10% fetal calf serum. AD other cell lines were 
grown in Kaighn*s media supplemented with 10% fetal calf 
serum. Saos-2 cefls were kindly provided by Dr. Eric Stan- 
bridge. All other cell lines were obtained from ATCC. 

Construction of recombinant adenoviruses 

To construct the Ad5/p53 viruses, a 1.4-kb Hind JRSma I 
fragment containing the rail-length cDNA for p53 was isolated 
from pCEMl-p53-B-T Odndly supplied by Dr. Wcn-Hwa Lee) 
and inserted into the multiple cloning she of the expression 
vector pSP72 (Promcga) using standard cloning procedures 
(Sambrook et at., 1989). The p53 insert was recovered from 
this vector following digestion withXfo \-Bg\ XL and gel dec* 
tropboresis. The p53 coding sequence was then inserted into 
ehber pNL3C or pNL3CMV adenovirus gene transfer vectors 
(kindly provided by Dr. Robert Schneider), which contain tbe 
AdS 5' inverted terminal repeat and viral pa r * aging signals and 
die El a mhanrrr upstream of either tho Ad2 major late pro- 
moter (MLP) or the human cytomegalovirus immediate carry 
gene promoter (CMV), followed by the tripartite leader cDNA 
and Ad 5 sequence 3,325-5,525 bp in a pML2 b^Agroond. 
These new e onstiuct s replace me El region (bp 360^3^325) of 
AdS with p53 drives by either tbe Ad2 MLF (A/M/53) or the 
hprnanOdVprcewtCT^ 

leader cDNA (see Jig. 1). Tbe p53 inserts use me remaming 
downstream Elb poryadeny2arion she. Additional MLP- and 
CMV-driveo p53 recombinants (A/M/N/53, A/ON/53) were 
generated which had a fWtber705HBUclec4tdedeJetiooc^Ad5 
se q uenc e to remove the protein DC (pDQ coding region. As a 
control, a recombinant adrrjoviras was generated fion the pa- 
rental pNL3C plasmid without a p53 insert (A/M). A second 
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FIG* 1. Schematic of r«ombinant p53/adcnovirus con- 
strocts. Thep53 recombinants ere based on Ad 5 and have bad 
the El region of nucleotides 360-3325 replaced with a 1.4-kb 
fuJMcngth p53 cDNA driven by the Ad 2 MLP (A/M/53) or 
human CMV (A/C/53) promoters followed by the Ad 2 tripar- 
tite leader cDNA. The control virus A/M has the same Ad 5 
deletions as the A/M/53 virus, but lacks the 1 .4-fcb p53 cDNA 
insert. Tbe remaining Elb sequence (705 nucleotides) have 
been deleted to create the protein DC-deleted constructs A/M/ 
W53 and A/ON/53. These constructs also have a 1.9-kbXfeu 1 
deletion within adenovirus rype 5 region E3. 



control (IdruDy provided by Dr. Robert Schneider) consisted of 
a recombinant adenovirus eaooduig the p-gal&ctoskbse O-Gal) 
gene under the control of the CMV prc*nc4er(A/C^GaQ. The 
plasm ids were linearized with cither Nru I or Eco RI and co- 
transfceted with the large fragment of a Cta I-<figested Ad 5 
dO09 or d&27 mutants (Jones and Shenk, 1979; Thiirmiappaya 
etaL. 1982) using a Ca/F0 4 transection kit (Strategeac). Only 
me pDC-nriims constructs used tbe d?327 background which 
contains a 1 .94db Xba I deletion in the E3 region. Viral plaques 
were isolated and recombinants idVinrifled by both restriction 
digest analysis and the polymerase chain reaction (PGR) using 
recomWrjam-specific primers against tbe triparme leader cDNA 
sequence with downstream p53 cDNA sequence. Recombinant 
virus was further purified by Emit Lag dihition, *p** virus parti- 
cles were purified and titered by standard methods (Graham and 
vanderErb, 1973; Graham and Prevec, 1991). 



pS3 protein defectum 

Saos-2 or Hep 3B cells C3 x 10 s ) were infected with the 
indicated recombinant adenoviruses for a period of 24 hr at 
increasing muIripficMes of rnfrrrion (moi) of plaqpe-formmg 
units of vtras/cefl. Purified aden ovi ru s , stored inl% sucrose in 
pbosjtae-bofSaed saline (PBS), is diluted wilh media to ©b- 
tain the desired moi and added to r>latr^c^ cells cosnainirig&esh 
media. After 24 hr, the cells were washed once with PBS and 
harvested in lysis buffer [50 mflf Tris-Hd pH 7.5, 250 mdf 
Nad, 0.1% NP-40, 50 mM HaP, 5 mJtf EDTA, 10 figtal 
aprothuo^ 10|AgMI leim^^ 

fboride (FMSF)J. A Bradfcrd assay (Bio-Rad Protein Assay 
kit) was osed to mea so re ceflnlar protem concentration, and 
eo^ anxmrav of rxotein (ap 
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by 10% SOS-PAGE and transfered to ntoceUufcse. Mem- 
branes were incubated with o-p53 antibody PAb 1801 (Novo- 
castro) followed by sheep ami-moose IgG conjugated with 
horseradish peroxidase. p53 protria was visualized by chemilu* 
mioescence (ECL lot, Araersham) on Kodak XAR-5 film. 



Measurement of DM synthesis rate 

Cells (5 X lOVwell) were plated in 96- well titer plates (Co* 
star) and allowed to attach overnight (3TC. 7% CCX). Cells 
were then infected for 24 hr with purified recombinant virus 
particles at rood values ranging from 0.3 to 100, as indicated. 
Media were changed 24 hr after infection, and incubation was 
continued for a total of 72 hr. [*HJTnymsdine (Amersham, I 
ujOAvelQ was added 18 hr prior to harvest. Cells were har- 
vested on glass fiber filters and levels of incorporated radioac- 
tivity were measured in a beta scintillation counter. [*H]Thyini- 
dSne incorporation was expressed as the mean % (±SD) of 
media control and plotted versus the moi. 



Tumorigenicity in nude mice 

Approximately 2.4 x 10** Saos-2 cells, plated in T225 
flasks, were treated with suspension buffer < i% sucrose in PBS) 
containing either A/M/NT53- or A/M-pariCed virus at an moi of 
3 or 30. Following an overnight uifectioo, cells were injected 
snbcutaneousry into the left and right flanks of BALB/c athymk 
node mice (4 mice per group). One flank was injected with tbe 
A/M/N/5 3- treated cells, while the contralateral flank was in- 
jected with tbe control A/M-treated ceils, each mouse serving 
as its own control. Animals receiving bilateral injection of 
buffer- treated cells served as additional controls. Tumor dimen- 
sions (length, width, and height) and body weights were then 
measured twice per week over an S-wcefc period. Tumor vol- 
umes were estimated for each animal, assuming a spherical 
geometry with radius equal to one-half the average of tbe mea- 
sured tumor dimensions. 



Intratumoral UNA analysis 

Female BALB/c athymic node mice (approximately 5 weeks 
of age) were injected subcutaneously with 1 x JO 7 H69 small 
cell rang carci n oma (SOX) cells In a 200-uJ volume in their 
right flanks. Tumors were then allowed to progress for 32 day*. 
Mke then received perimmoral injections of either A/C/53 or 
A/Op-Gal icccrot rfn ant adenovirus (2 x 10* pteouc^forming 
units (pfu)] into the socciitaneoos space beneath the barter 
mass. Tumors were excised from the animals 2 and 7 days post 
adenovirus treatment and rinsed with PBS. Tumor samples 
were homogenized, tnd total RNA was isolated using a TriRc- 
agenlldtCMoiecnlar Research 

isolated using me PoryATract mRNA Isolation System 
(IVomcga), and apprrooniatery 10 og of sample was used for 
reverse transc ri ptase {RD-PCR ^**^»h tt * ta " "f rTi >™**sp ?«t 
p53 mRNA expression (Wang etoL* 1989). Primers were de- 
signed to ampfify sequence between the adenovirus tripartite 
leader cDNA and the downstream p53 cDNA, ensuring that 
c*ilyieix>cnbinam,«ndnotend 



pS3 gene therapy of established tumors in nude mice 

Approximately I X 10 7 H69 (SCLQ tumor cells in 20(VuJ 
volumes were injected subcutarteously into female BALB/c 
amymtc nude mice* Tumors were allowed to develop for 2 
weeks, at which point animals were randomized by tumor size 
(n - 5/group). Ptritumoral injectioftS of either A/M/N/53 or 
the control A/M adenovirus (2 x 10 9 pfu/injection) or buffer 
alone (1% sverese in PBS) were administered twice per week 
for a total of 8 doses/animal per group. Tmnor dim en si ons and 
body weights were measured twice per week for 7 weeks, and 
tumor volume was estimated as described previously. Animals 
were then followed to observe the effect of treatment on mouse 
survival. 



RESULTS 

Construction of recombinant p53-adenovirus 

p53 adenoviruses were constructed by replacing a portion of 
the BJa and Elb region of adenovirus type 5 with p53 cDNA 
under the control of either the Ad2 MLP (A/M/53) or CMV 
(A/C/53) promoter (schematized in Fig. 1). This El substitution 
severely impairs the ability of the recombinant adenoviruses to 
replicate, restricting their propagation to 293 cells that snppfy 
Ad S El gene products in arms (Graham et of., 1977). After 
identification of p53 recombinant adenovirus by both restriction 
digest and PGR analysis, the entire p53 cDNA sequence from 
one of the rec ombi nant adenoviruses (A/M/53) was sequenced 
to verify that it was free of mutations, following this* purified 
preparations of the p53 recombinants were used to infect HeLa 
cells to assay for the presence of rJicnorypicalr/ wild-type ade- 
novirus. HeLa ceils, which are nonpennissive for replication of 
El -deleted adenovirus, were infected with 1— * X 10 9 rnfec- 
dous units of recombinant adenovirus at an moi *» 50, cultured 
tor 3 weeks, and observed for the appearance of cvtopaihse 
effect (CPE). Using this assay, we were not able to detect 
recombinant adenovirus replication or wild-type contamina- 
tion, readily evident by the CPB observed in control ceDs in- 
fected with wild-type adenovirus at a level of sensitivity of 
approximately I in I0 9 . 



p53 protein expression from recombinant adenovirus 

To determine if our p53 recombinant adenoviruses expressed 
p53 protein, we infected tumor cell lines that do not express 
endogenous p53 protein. The human tumor cell fines Saos-2 
(osteosarcoma) and Hep 3B (hepatocellular carcinoma), which 
contain mutations mat result in oo expression of p53 protein 
(Chenerof.. 1990; Hsaetai^ I993\ were iirfcerxd for 24 far 
with the p53 recombinant adeiioviruses A/M/53 ox A/C/53 at 
moi values ranging from 0.1 to 200 pfu/cctL Western analysis 
of tysatea pxiyai c d ftam infected cefla demonstrated a dose- 
dependent p53 protein expression in both ceil types (Fig. 2). 
Both cell fines expressed higher levels of pS3 protefci foOowmg 
fefection with A/C/53 man with A/M/33 (Fig. 2). No p53 pro- 
tein was detected in nonmfected cells. Cells infected with moi 
values of up to 200 of tbe control virus A/M also did not show 
detectable p53 protean (unpublished c&serrxttioo). SW 480 cefl 
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FIG. 2. p53 protein expression in tumor cells infected with A/M/53 and A/C/53. A. Saos-2 (osteosarcoma) cells were infected at 
the indicated roof with either the A/M/53- or A/053-purirled virus and harvested 24 hi later. The p53 antibody pAb 1 801 was used 
to stain inmmnobiots of samples loaded at equal total protein ccciecnbations. Equal protein concentrations of 5W480 cell extracts, 
which overexpress mutant p53 protein, were used as a marker for p53 aire. The zero (0) under the A/C/53 heading indicates a mock 
infection containing untreated Saos-2 tysate. B. Hep 3B (hepatocellular carcinoma) celts were infected with the A/M/53 or A/C/53 
vims at the indicated moi and analyzed as in A. .The arrow indicates the position of the p53 protein. 



rysate, which overexpmses mutant p53 protein (Baker er at. 
1990X was used as a size marker. Levels of endogenous wild- 
type p53 ere normally quite low, and nearly undetectable by 
Western analysis of ceB extracts (Battek trot., 1991). It is clear 
however that wild-type p53 protein levels are easily detectable 
after infection with either A/M/53 or A/C/53 at the lower moi 
values (Fig. 2), suggesting thai even tow doses of p53 recombi- 
nant adenoviruses can produce potentially efficacious levels 
ofp53. 

p55~dependent morphology changes 

The reintroduction of wild-type p53 into the p53- negative 
osteosarcoma cell line. Saos-2, results in a characteristic en- 
largement and flattening of these normally spindle- shaped cells 
(Chen ef oL r 1990). Subcontjuent Saos-2 cells (1 X 10 s cells/ 
10-cm plate) were infected at an moi of 50 with either the 
A/C/53 or control A/M virus, and incubated at 37"C far 72 hr 
until uninfected control plates were confluent. At this point, the 
expected morphological change was evident in the A/C/53- 
treated plate (Pig. 3Q, but not in imnrfected (Hg. 3 A) or 
control virus-infected plates (Rg. 3B). This effect was not a 
function of cell density because a control plate initially seeded 
at lower density retained normal morphology at 72 hr when its 



confluence approximated that of the A/053-treated plate (data 
not shown). Our previous results had d em o ns trated a high level 
of n53 protein expression at a mot of 50 in Saos-2 cells (Fig. 
2A) V and these results provided evidence that the p53 protein 
expressed by these recombinant adenoviruses was biologically 
active. 



p53 inhibition of cellular DNA synthesis 

To test further the activity of the p53 recombinant adenovi- 
ruses, we assayed their ability to inhibit proliferation of human 
tumor cells as measured by the uptake of 1 3 H] thymidine. It has 
previously been shown that introduction of wild-type p53 into 
cells that do not express endogenous wild-type p53 can arrest 
the cefls at the G,/S transition, leading to inhibition of uptake of 
labeled thymidine into newly synthesized DNA (Baker tt at.. 
1990; Dffler et at., 1990; Mercer tt ai„ 1990). We infected a 
variety of p53-defirient tumor cell lines with either A/M/N/53„ 
A/CW53 orarjco-p53-expressing control r y ^ f i N itM rt adeao- 
virus (A/M). We observed a strong, dose-oependent inhiMtkm 
cf DNA syothes b by both the A/M/N/53 and A/ON/33 rccom- 
binaots in 7 out of the 9 different rumor cell Hues tested (Fig. 4). 
Both constructs were able to inhibit DNA synthesis specifically 
in these human tumor cells, regardless of whether they ex- 




HG. 3» pcB-depeodent Saos-2 morphology change. Suocaaffaest (1 x 10 5 ccfls/10-cm plate} Saos-2 cells were either unin- 
fected (A), infected at a moi » 50 with the control A/M virus (B), or the A/C/53 virus (C). The cells were pbo<c*rapbed 72 hr 
post»mfectioo. 
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FIG. 4. p53-dependent Inhibition of DNA synthesis in human tumor cell lines by A/M/N/53 and A/C/N/53. Nine different tumor 
ccfl tines were infected with either control adenovirus A/M/ (xx), ox the pSS-expressing A/M/N/S3 < A) or A/C/N/53 (O) virus at 
increasing moi as indicated. Tumor type and p53 status are noted for each cell line (wi t wfld type; nuO , no protein expressed; raut, 
mutant protein expressed). DNA synthesis was measured 72 far post-infection as described in Materials and Methods* Results are 
from triplicate measurements at each dose (mean ± SD), and are plotted as % of media control versus moi . (*) H69 cells were only 
tested with A/M and A/M/N/53 virus. 



pressed mutant p53 or failed to express p53 protein. We also 
found that in this assay, the A/C/N/53 construct was consis- 
tently more potent than the A/M/N/53. In Saos-2 (osteosar- 
coma) and MDA-MB468 (breast cancer) cells, nearly 100% 
mntrntwffl of DNA synthesis was achieved with the A/C/N/53 
construct at a moi as low as 10. At doses where inhibition by the 
control adenovirus is oury 10-30%, we observed a 50-100% 
reduction in DNA syntfiesis using either p53 recombinant ade- 
novirus. In contrast, we observed no significant p53-specifxc 
effect with either construct as compared to control vb^m HEP 
G2 cefla ( h e patoc aicmoma ccH tine expressing endogenous 
wilo>typep53;Bre$S8cetat, !99C),i»rmthcK562(ri53nDll; 
rranstem eta/., 1992) fenremfc cell line. 



TumorigodcUy in nude mice 

In a inwc stringent test of ftmcrion for oor p53 recombinant 
adeaoTttrnses» we infe c t 



the cells into nude mice to assess the ability of the recombinants 
Id suppress tumor growth fa vivo. Saos-2 cells infected with 
A/MrN/53 or control A/M virus at a moi of 3 or 30 were injected 
into o pposi te flanks of nude mice . Tumor sizes were then mea- 
sured twice a week over an 8-week period. Ai a moi of 30, we 
did not observe any corner growth in the p53- treated flanks m 
any of the animals, while die control treated tumors continued 
to grow (Fig. 5). Tbe progressive enlargement of the control 
virus-tteated tumors was similar to that observed in the buffer- 
ti rated control animals* We also observed a dear difference ZD 
tumor growth between the control adenovirus and the p53 n> 
coiuhmant at a moi of 3, although tumors fiposri 2 out of the A 
p53-trcattd mice did start to show some growth after approxt* 
matery 6 weeks (data not shown). Thos, the A/M/N/53 recom- 
binant adenovirus is able to inndiatft p53-specific tumOT sup- 
pression in an nt vrw e nvir o nment We have also c*6erved very 
sinnlar results wheainfecti^ 

H596, which expresses mutant p53 protein with the same vfc* 
ruses {jnnpuhridifd observations). 
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Day* post tumor cell Impla n ta ti on 

FIG. 5. TUroorigcnichy of p53-infccted Saos-2 cells in nude 
mice* Saos-2 cells were infected with eiiber the control A/M 
vims or the p53 recombinant A/M/N/S3 at moi — 30. Treated 
cells were injected subcutaneousry into the flanks of nude mice, 
and tamoT dimensions were measured (as described in Materials 
and Methods) twice per week for 8 weeks. Results are plotted as 
tumor size versus days post tumor cell implantation for both 
control A/M-<x) and A/M/N/53-(A) treated cell*. Error bars 
represent the mean tumor size ± SEM for each group of 4 
ammftk at each time point. 



In vivo expression of rAdfp53 

Although ex vivo treatment of cancer cells and subsequent 
injection into animals provided a critical test of tumor suppres- 
sion, a more clinically relevant experiment is to determine if 
injected p53 recombinant adenovirus could infect and express 
pS3 in established tumors in vtW. To address this, H69 (SCLC, 
pS3 mtii ) cells were injected subcutaneocsry into node mice, and 
tumors were allowed to develop for 32 days. At this time, a 
single injection of 2 x l(f pfb of either A/C/53 or A/C7&-GaJ 
adenovirus was injected into the pcxirumoraJ space sunuundmg 
the tumor. Tumors were men excised at cither day 2 or day 7 
following the adenovirus injection, and polytA) RNA was iso- 
lated from each tumor. RT-fCR, using iecuutbinant-p53 spe- 
cific primers, was men used to detect p53 mRNA in the p53- 
treated tumors (Fig. 6, lanes I, 2. 4, 5). No p53 signal was 
evident from the tumors excised from the f}-Gai-treated ftrrimals 
(Fig. 6, lanes 3. and 6). AmpfiUcation with actin piujueis served 
as a control for the RT-PCR reaction (Fig. 6, lanes 7-9), while a 
plasmkl containing die recombinant-p53 sequence served as a 
positive control for tbe tccoosbinant^3-specific band (Fig. 6» 
laoe lO). This experiment demonstrates that a p53 re comhinimt 
adenovirus can speciflcaily direct expression of pS3 mRNA 
within establbhed tumors foBowing a single injection into the 
ptrrmntoral space. It also provides evidence for in vivo viral 
persistence for at feast I week following infection with a p53 
recombinant adenovirus. 

In vivo efficacy 

To address the feasibility of gene therapy of established to- 
moss, a annor-bearing node mouse model was med. H69 cells 
were injected into the suU'utn i t ff oes space on the right flank of 
mice, and tumors were allowed to grow for 2 weeks. Mice men 
received pcrirumoral injections of buffer or recombiiiaiit virus 



FIG. 6. Expression of rAd7p53 RNA in established tumors. 
H69 (SCXC) cdk were injected subcutancously into nub^ mice 
and allowed to develop tumors for 32 days until reaching a size 
of approximately 25-50 mm 2 . Mice were randomized and in- 
jected peritnmoraUy with 2 x ICjPpfu of either control A/C/p- 
Cal or A/C/53 virus. Tumors were excised 2 and 7 days post 
injection, and pofy(A) RNA was prepared from each minor 
sample. RT-PCR was carried out using equal RNA concentra- 
tions and primers specific for iccombinam p53 message. PCR 
arm^ificanon was for 30 cycles at 94°C i min, 55°C 1.5 rain, 
72*fc 2 min, and a 10- min, 72°C final extension period in an 
Omnigen thermalcycler (Hybaid). The PCR primers used were 
a 5 r Tripartite Leader cDNA (5'^GCCACCGAGGGACCT- 
GAGCOAGTC-3 ') and a 3' p53 primer (5'-TTCTGGGAAGG- 
GACAOAAOA-3'). Lanes 1. 2. 4. and 5, p53-treated samples 
excised at days 2 or 7 as indicated; lanes 3 and 6, from p-Gal- 
treated tumors; lanes 7, 8, and 9, replicates of lanes 4, 5, nod 6, 
respectively, amplified with actin primers to verify equal load- 
ing; lane 10, a positive control using a tripartite/p53 containing 
plasjxud. 



twice weekly for a total of S doses. In the mice treated with 
buffer or control A/M virus, tumors continued to grow rapidly 
throughout the treatment, whereas those treated with the A/M/ 
N/53 virus grow at a greatly reduced rate (Fig. 7A). Although 
control animals treated with buffer alone had accelerated osnor 
growth as compared to cither virus-treated group, we found no 
significant differences in body weight among the three groups 
during the treatment period (data not shown). Tumor ulceration 
in some animals limited the relevance of tumor size measure- 
ments after day 42. However, continued motmxving of the 
animals to determine survival time driiw 1 * 1 **' 11 *" 1 * a survival 
advantages forrhep53-treafied animals (Fig. 7B). The last of the 
control adertoyirusr^reated animals died on day 83, while buffer 
alone treated controls had all expired by day 56". In contrast, all 

5 animals treated with the A/M/N/53 survived op to day 137 
before the first animal in this group died (Fig. 7B). Two ani- 
mals continue- to survive at day 174. Together, our data indicate 

6 p53-spcciflc effect on both tumor growth and survival time In 



DISCUSSION 

Adenovirus vectors expressing pSS 

We have constructed rfromMnamr Hw^n adenovirus vectors 
that are capable of expressing high levels of wOoVrype p53 
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FIG. 7. In vivo tumor suppression and increased survival 
time with A/M/N/53. H69 (5CLQ tumor cdls were injected 
subcutaneousiy into node mice and allowed to develop lor 2 
weeks. Perimmoral injections of either buffer alone (□), control 
A/M adenovirus- (x), or A/M/N/53 (A) (both vims 2 x 10? 
pfWinjcctton) were administered twice per week for a total of 8 
doses. Tumor dimensions were measured twice per week and 
tumor volume was estimated as described is Materials and 
Methods. A. Tumor size is plotted for each virus versus time 
(days) post inoculation of H69 cefls- Error ban indicate the 
mean tumor size ± SEM for each group of 5 animals. Arrows 
indicate days of virus injections. B. Mice were monitored for 
survival and too fraction of mice surviving per group versus 

time post mpailatioa of buffer alone ( — ), control A/M ( ), 

or A/M/N/53 ( ) virus-treated H69 ceils is plotted. 



protein in a dose-dependent manner. Each vector contains defo- 
tioos in the E la and Bib regions that render the virus replication 
deficient (Cballberg and Kelly, 1979; Horowitz, 1991). Of 
fiuthcr significance is that these deletions mchtde those se- 
quences encoding the Elb 19- and 33-fcD proteins. The 19-kD 
protein is reported to be Involved in Inhibiting apoptosis (Rao 
el qL, 1992; White etof.. 1992), whereas the 55-kD protein is 
able to bind wild-rypep53protdn($anjowrta/. t 1982;Heuvel 
et al, 9 1990). By deleting these ad en o v iral sequences, we re- 
move potential inhibitors of p53 function through direct binding 
to p53 or po te n t ial mlubiboo of p53-roediated apoptosis* We 
have created additional constructs mat have had the remaining 
3' Elb swpTrmy., mrhnfing all protein IX coding sentience, 
deleted as welL Although this has been reported to reduce the 
pnrtmgmg size capacity of adenovirus to approximately 3 kb, 
less than wild-tyr^ vinu (Chash-Oi^^ 1987), mess 

constructs are also d elet e d Is the E3 region so that the A/M/ 
N/53 and A/C/N/53 co at tra c ts are well within this size range. 
By deleting the pDC region, adenoviral sequences rjomologpns 

to tfiftug rrmtttiTwt fn 2Q3 e^ltt Rtr> ffAim> tr» •ppypyf ir^t^ly ISYi 

bp, decreasing me cha n c e s of regenerating iepiicanon-<ompc- 



tent, wild- type adenovirus through recombination. Coostnxcts 
lacking pTX coding sequence appear to have equal efficacy and 
drive equivalent levels of p53 protein expression as (hose with 
pIX (unpublished observations). 



p53t Adenovirus efficacy in vitro 

In c o n cordance wob a stroog dose dependency for expression 
of p53 protein In infected cells* we have also demonstrated a 
dose-dependent, p53-spertrtc bihibttioa of tumor cell growth 
by our recombinants. We were able to inhibit cell division, 
demonstrated by the inhibition of DNA synthesis, in a wide 
variety of tumor cell types known to lack wild-type p53 protein 
expression. Bacchetd and Graham (1993) recently reported 
p53-speciftc inhibition of DNA synthesis in the ovarian carci- 
noma cell line SKOV-3 by a p53 recombinant adenovirus in 
similar experiments, in addition to ovarian carcinoma, we have 
demonstrated that additional human tumor ceD lines, represen- 
tative of clinically important human cancers and including lines 
overexpressing mutant p53 protein, can also be growth' inhib- 
ited by our p53 recombinants. At moi values where the A/C/ 
N/53 recombinant is 90-100% effective in inhibiting DNA 
synthesis in these tumor types, control adenovirus-mediated 
suppression is less than 20%. 

Akhoogh Fcinstein et ai. (1992) reported that remtroductioo 
of wild-type p53 could induce differentiation and increase the 
proportion of cells in G, versus S + O a for leukemic K562 
cells, we found no p53-specific effect m this line. Horvalh and 
Weber (1988) have reported that human peripheral blood lym- 
phocytes are highly noopennisrive to adenovirus infection, to 
separate experiments, we found that we were not able to infect 
me nonrespondmg K562 cells significantly with recombinant 
A/C/p-Gal adenovirus, while other ceD lines, including the 
control Hep G2 line and those showing a strong p53 effect, 
were readily infectable (Harris et al.. m preparation). Thus, at 
least part of the variability of efficacy would appear to be due to 
variability of infection, although other factors may be involved 
as welt For example, Chen etal. (1991) reported that wild-type 
p53 can suppress tnjDorigcniciry without inhibiting the growth 
rate of some tumor lines. Alternatively, mutations of regulatory 
piuteim acting downstream from p53 may also exist in some 
tamer cell lines, limiting the effect of p53 treatment. The lack 
of a p53-speclfic effect fat dm wiktHypc control ceil tine Hep 02 
is encouraging, suggesting mat overexpressjOQ of wild-type 
p53 over endogenous background levels may have only minor 
effects m normal cells mfcrtrd with the recombinant. 

The ability to treat human cancer cells ex vivo and suppress 
their growth £n vfvo when implanted into an nfliired is an import 
taut step toward identifying promising gene therapy candidates. 
The results observed with the A/M/N/53 vims mf^ 5 demon- 
strates that co m p le te suppression is possible in an l& vivo cnvi» 
ronin e nt Us lesumpuon of tumor growth in 2 out of the 4 
p53-<reated animals at the tower moi roost liketyresm^ from a 
small percentage of cells not initially infected with the p53 
recombinant at this dose. We did not analyze the resoMag 
tumors lor the presence of adenoviral genomes. The complete 
suppression seen with A/M/N/53 at rhe blghr dose, however, 
shows due the ability of t um o r growth to recover can be orverv 
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p53lAdenovirus in vivo efficacy 

Work presented here and by oiher groups (Chen et a!., 1990; 
Takahashi « a/., 1992) have shown that human tmncr cells 
lacking egression of wild-type p53 can be treated cr vho with 
p53 and result in suppression of tumor growth when the treated 
cells are transferred into an animaj modeL This report presents 
the first evidence of turner suppressor gene therapy of an w Ww> 
established tumor, resulting in both suppression of tumor 
growth and increased survival time. Defivcry to tumor cells did 
Dot reiy on direct injection into the tumor mass. Rather, p53 
recombinant adenovirus' was injected into the peri tumoral 
space, and p53 mRNA expression was detected within the tu- 
mor. p53 expressed by the recombinants was fimcticoal and 
strongly suppressed tumor growth as compared to that of con- 
trol, nc*i-p53-expressing adenovirus-treated tumors. However, 
both p53 and control virus-treated rumor groups showed rumor 
suppression as compared to btrffer-tteated controls. It has been 
demonstrated that local expression of tumor necrosis factor 
(TNF), mtexferon-7 (IFN^y). Interfeukin (IL>2, IL-4, or IL*7 
can lead to T-cell-mdepemlent transient tmnor suppression in 
node mioc (Hoch et a/., 1992). Exposure of monocytes to 
adenovirus results in the release of TNF, and adenovirus virions 
are also weak inducers of IFN-o/jJ (for review, see Gooding 
and Wold, 1990), Therefore, it is not surprising that we ob- 
served some tumor suppression in nude mice even with the 
control adenovirus. We did not observe this virus-mediated 
tnmar suppression in the cr vivo control virus-treated Saas-2 
tamer cells described earlier. The p53-sperific in vivo tumor 
suppression was dramatically demonstrated by continued mon- 
itoring of the animals in Fig. 7. The survival time of the p53- 
treated mice was significantly increased, with 5 out of 5 animals 
still alive more than 135 days after tumor cell hxxmlatmn com- 
pared top out of 5 adenovirus ccutt>Mre«ted animals. Two out 
of 5 mice continue to survive beyond day 170, more than twice 
ihescrvrval time of the longest-fived control vims and baffer- 
treated animals. The surviving animals still exhibit growing 
tumors, which may reflect cells not initially infected with the 
p53 lecombinant adenovirus. Higher or more frequent dosing 
schedules may address this. In addition, promoter shumff 
(Palmer et aL, 1 99 1) or additional munitions may have ren- 
dered these cells resistant to me p53 recombinant adenovirus 
treflftrflfnt. 



Implications for gene therapy 

There wffl be over one million new cases of cancer diagnosed 
mXs year, and half that number of casKer-felatcd deama (Amer- 
ican Cancer Society, 1993). p53 mutations are the most com- 
mon genetic alteration asociated with human cancers, c<curring 
in 50-60% of human cancers (Banes: et a/., 1991; Hottstein 
etaL. 1991; Levine. 1993). The goal tfgene therapy mneatfog 
pS3-ocfiijent innmrs U to reinso^ 

the wild-type p53 gene so that ccvlrolc^celhdar prevention b 
restored. p53 plays a central role in ceO cycle progression, 
dU i mih nj growth so chat repair or j[ii^wlt can occur a re- 
sponse u> DMA damage. The pcesmflity of ™rf«g p53/ 
adesovirns to drive tumor cells into the apopcotfc path w ay fa 
mtrigoing. Wad-type p53 has recently been Mentified as a 
necessary component tor apoptosis induced by irradiation or 



WUXSETAU 

ueu Incut with some chernotherapeotic agents (Lowe et ol„ 
I993a». Due to the high prevalence of p53 mutations In he- 
man rumors, it is possible that rumors which have become 
refractory to dKrnothcrapy and irradiation treatments may have 
become so due in part to (be lack of wild-type p53. Byresupply- 
ing functional p53 to these tumors, it is possible that they wiQ 
now become susceptible to apopmsb normally assoc ia te d wnti 
the DNA damage induced by radiation and chemotherapy. 

One of the critical points m snecessfbl human tumor supptcs- 
sor gene therapy Is the ability to affect a significant fraction of 
the cancer cells. Toward that goal, recombinant adenoviruses 
have distinct advantages over other gene oVtivery methods (tor 
review, see Siegfried, 1993). Adenoviruses have never been 
shown to induce tumors in humans and have been satety used as 
live vaccines (Straus, 19S4). Replicatton-deSciest recombinant 
adenoviruses can be produced by replacing the El region neces- 
sary for replication with the target gene. Adenovirus does not 
integrate into the human genome as a normal consc^mence of 
infection, thereby greatly reducing the risk of msertional mu- 
tagenesis possible with retrovirus or AAV vectors. This lack of 
stable integration also leads to an additional safety feature in 
that the transferred gene effect will be transient, as the extra- 
chrornasoDial DNA will be gradually tost with continued divi- 
sion of normal cells. Stable, high- titer recombinant adenovirus 
can be produced at levels not achievable with retrovirus or 
AAV, allowing enough material to be produced to treat a large 
patient population. Others have shown that adenovuus-medi- 
ated gene delivery has a strong potential for gene therapy for 
diseases such as cysoc fibrosis (Rosenfeld et ct/.. 1992; Rich 
era/., 1993) and a (-antitrypsin deficiency (Ixmarchand era?., 
1992). Although other alternatives for gene delivery, such as 
catkmfc liposome-ONA complexes, are also currently being 
explored, none as yet appear as effective as adeoovfrns-rnedi- 
ated gene delivery 

Here, we have shown that recornbtnant adenoviruses ex- 
pressing wDd-type p53 can efficiently inhibit DNA synthesis 
and suppress the growth of a broad range of human tumor cell 
types, including clinically relevant targets, ftmberrnore, we 
have shown that the recombinant adenoviruses can express p53 
in an in vivo established tumor without rerying on direct injec- 
tion into the tumor or prior ex vivo treatment of tbe cancer cells. 
The p53 expressed is functional and effectively suppressed tu- 
mor growth in vivo and sigritficamly increased survival time in a 
nude moose model of human hmg cancer. Although farther 
studies are needed to ensure the safety of this method of gene 
delivery and address possible pobtems of immune r** py m t t r 
the data presented here strongly $m^nmecc4tceptofa^lexiovi- 
ro-medxalcd p53 gene therapy of pf53-deficicst tumors m un- 
mans. 
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